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Angiotensin II (All) is a vasoconstrictive peptide 
with hypertrophic and mitogenic effects on many 
cell types. Previous studies have shown that in 
vivo administration of All in rats results in prolif
eration of, and phenotypic changes in, many renal 
cell populations, but in doses also causing hyper
tension. Thus, it was not possible to differentiate 
nonhemodynamic from hypertensive effects of All. 
Therefore, we studied rats with renin-dependent, 
All-mediated hypertension (the two-kidney, one-
clip Goldblatt model; mean systolic blood pressure 
238 ± 48 ν 140 ± 6 mm Hg in sham-operated con
trols). The undipped kidneys, which were exposed 
to high blood pressure, developed significant glo
merular and tubulointerstitial injury, tubulointer-
stitial cell proliferation, dense focal interstitial 

Angiotensin II (All) mediates hypertension 
by several mechanisms, including direct 
vasoconstriction, aldosterone stimulation, 
sodium retention, 1 and increased sympa

thetic activity. 2 Interestingly, prolonged or repeated 
administration of All in rats may also lead to sus
tained hypertension despite later withdrawal of the 
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monocyte-macrophage influx, increased deposition 
of types I and IV collagen, as well as increased 
cellular expression of desmin and actin, in tubu
lointerstitial areas when examined at 11 weeks. In 
contrast, clipped kidneys, protected from hyperten
sion but with high local renin expression, had 
minimal abnormalities. These studies suggest that 
in this model increased renin, and presumably 
All, does not mediate significant proliferative or 
phenotypic changes in the kidney in the absence 
of hypertension at 11 weeks. Am J Hypertens 1994; 
7:177-185 

KEY WORDS: Angiotensin II, Goldblatt hyperten
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AIL 3 The mechanism by which this occurs is not 
known, but one possibility is that All-mediated hy
pertension may result from structural changes within 
the kidney. Studies performed more than 50 years 
ago in the renin-dependent model of renovascular 
hypertension (ie, the two-kidney, one-clip Goldblatt 
model), demonstrated that significant vascular, glo
merular, and tubulointerstitial injury occur in the hy
pertensive (ie, undipped) kidney. 4 , 5 Once histologic 
injury was induced, removal of the clip was usually 
ineffective in restoring blood pressure to normal. 5 

Recently we examined the kidneys of normal rats 
that had received pressor doses of exogenous All for 
14 days. 6 Routine light microscopy revealed only mi
nor and focal tubulointerstitial changes, but by im-
munostaining marked phenotypic and proliferative 
changes were documented in various renal cell pop-
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ulations. Particularly impressive were changes in the 
tubulointerstitium, including a proliferation of distal 
tubule and collecting duct cells, proliferation and 
phenotypic modulation of renal interstitial cells with 
expression of α-smooth muscle actin, an interstitial 
monocyte-macrophage infiltration, and interstitial fi
brosis with type IV collagen deposition. 

In these in vivo studies, it was not possible to dis
tinguish pressor from nonpressor effects of All. In 
vitro experiments, however, have provided ample 
evidence of the direct hypertrophic or mitogenic ef
fects of All on many cell types. 7 " 1 0 In addition, indi
rect evidence also suggests that All may mediate vas
cular smooth muscle cell proliferation in vivo inde
pendent of hypertension. 1 1 

To attempt to dissociate the hypertensive effects of 
All from a nonhemodynamic action, we examined 
the kidneys from rats with renin- and All-dependent 
renovascular hypertension (the two-kidney, one-clip 
Goldblatt model), a model in which the undipped 
kidney is exposed to elevated renin and All levels 
and high blood pressure, whereas the clipped kidney 
is exposed to only increased renin and All without 
hypertension. In addition to routine histology, we 
examined tissue from both clipped and undipped 
kidneys by immunohistochemistry for evidence of 
cell proliferation, phenotypic changes in cytoskeletal 
proteins, infiltrating leukocyte populations, and ex
tracellular matrix deposition. Significant histologic in
jury was found in the undipped, hypertensive kid
ney, with tubular and interstitial cell proliferation, 
interstitial cell phenotypic changes in cytoskeletal 
proteins, and an infiltration of macrophages into the 
interstitium. In contrast, minimal changes were 
noted in the "protected," clipped kidney. This sug
gests that All, in the absence of hypertension, may 
have only a minor role in mediating the proliferative 
and phenotypic changes in the kidney at 11 weeks in 
this model. 

MATERIALS AND METHODS 

Experimental Protocol Normotensive male Wistar 
rats (Füllinsdorf, Switzerland) weighing 250 to 350 g 
were used. At 8 weeks of age, under barbiturate an
esthesia (sodium hexobarbital, Bayer, Frankfurt, Ger
many), the left renal artery was stenosed with a silver 
clip (slit width 0.2 mm). The right renal artery was left 
intact. Six rats serving as control underwent a sham 
operation that consisted of the same surgical manip
ulation but without placement of the clip. All animals 
had free access to water and were fed standard rat 
chow. Weekly systolic blood pressures were mea
sured in conscious, unrestrained rats by tail cuff 
plethysmography in both groups from 6 to 11 weeks 
after surgery when animals were killed and renal tis

sue obtained. Blood pressures are reported as the 
mean of systolic blood pressures measured during 
the last 5 weeks before death. 

Inclusion Criteria Rats that underwent clip place
ment were evaluated 6 weeks after surgery. Only 
those rats with systolic blood pressure (SBP) >180 
mm Hg were included for further study. Twelve rats 
from 16 operated met these criteria. In addition, rats 
with necrotic kidneys secondary to clips placed too 
tightly were considered to no longer represent an All-
mediated state and were excluded. Four of the 12 rats 
failed to meet this criterion and were eliminated from 
further evaluation. 

Histology Tissue was fixed in methyl Carony's so
lution, embedded in paraffin, and processed as pre
viously described. 1 2 Four-micrometer sections were 
stained with the periodic acid-Schiff reagent and 
counter stained with hematoxylin. Additional 4-μιη 
sections were stained using an indirect avidin-biotin 
immunoperoxidase technique 1 2 with the following 
primary antibodies: F37.2D12, a murine monoclonal 
antibody to human renin 1 3 (gift of M. Laprade, Sanofi 
Recherche, Montpellier, France); 19A2, a murine im
munoglobulin M (IgM) monoclonal antibody against 
the human proliferating cell nuclear antigen (PCNA)/ 
cyclin (Coulter Corp., Hileah, F L ) 1 4 ; ED-1 (Byprod
ucts for Science, Indianapolis, IN), a murine mono
clonal IgG to a cytoplasmic antigen present in mono
cyte-macrophages and dendritic ce l l s 1 5 ; RP-3, a 
murine monoclonal IgM against rat neutrophils (gift 
of F. Sendo, Yamagata, Japan) 1 6 ; OX-22 (Accurate 
Chemical and Scientific Crop., Westbury, NY), a mu
rine monoclonal IgG x against the high molecular 
weight form of the common leukocyte antigen 
present on rat Β and some Τ cells; anti-a-sm-1, a mu
rine monoclonal IgG 2 directed against α-smooth mus
cle actin (gift of G. Gabbiani, Geneva, Switzerland) 1 7; 
D33 (Dako Corp., Carpenteria, CA), a murine mono
clonal IgG x to desmin; a polyclonal goat antihuman, 
antibovine type IV collagen antibody (Southern Bio
tech, Birmingham, AL); and an IgG fraction of 
polyclonal guinea pig antirat type I collagen (gift of 
L. Iruela-Arispe and H. Sage, Seattle, WA). All of 
these antibodies cross-react with the respective rat 
antigens. 

Tissue sections were also double immunostained 
for both proliferating (PCNA + ) cells and monocyte-
macrophages (ED + cells) as previously described. 1 8 

The tissue was scored as described 1 9: cells were iden
tified as proliferating monocyte-macrophages if they 
showed positive nuclear PCNA staining and the nu
cleus was completely surrounded by ED-l-positive 
cytoplasm; proliferating cells with PCNA-positive nu
clei not bordering on ED-l-positive cytoplasm were 
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classified as not being monocyte-macrophages; and 
PCNA-positive cells that could not be unequivocally 
identified as ED-1 positive or negative (ie, ED-14- cy
toplasm did not completely surround the PCNA4-
nucleus) were considered nonclassifiable. Negative 
controls included omission of either of the primary 
antibodies that resulted in no double staining. 

Quantitation of Cell Proliferation and Macrophage 
Involvement A semiquantitative estimate of renal 
renin content was obtained by determining the per
cent of glomerular cross sections (at least 36 glomeruli 
per biopsy counted) with juxtaglomerular immuno-
staining for renin, as previously reported.6 

The mean number of proliferating (PCNA 4- ) cells 
and monocyte-macrophages (ED-1 + ) per glomerulus 
was determined by enumerating the total number of 
positive cells in 50 consecutive glomerular cross sec
tions per biopsy. Only glomeruli with at least 20 cap
illary loops were evaluated. 

C y t o s k e l e t a l C h a n g e s The smooth m u s c l e -
associated actin isoform, α-smooth muscle actin, is 
not expressed by normal rat mesangial cells in vivo, 
but is expressed by mesangial cells in rats with All-
mediated hypertension.6 We, therefore, evaluated 
the mesangial expression of this actin isoform using a 
scale of 0 to 4 + as previously described.1 2 

Desmin, a muscle-associated intermediate filament 
protein, is expressed constitutively by mesangial cells 
with variable expression by visceral epithelial cells in 
normal rat g lomerul i . 1 2 However, expression of 
desmin by glomerular visceral epithelial cells is also 
increased in rats made hypertensive by chronic infu
sion of AIL 6 We, therefore, examined the expression 
of desmin as it relates to glomerular epithelial cell 
locations (ie, in the periphery of the glomerular tuft) 
using the following semiquantitative scale: 0, no 
staining; 1 4 - , light staining of visceral epithelial cells; 
2 4 - , moderate staining of all epithelial cells, or strong 
staining in up to one-third; 3 4 - , strong staining in 
one- to two-thirds of epithelial cells; 4 4 - , strong stain
ing in greater than two-thirds of cells examined. 

Tissue Renin In addition to immunostaining biop
sies for renin, tissue renin from sham, clipped, and 
undipped kidneys was assayed. Half of each longi
tudinally sectioned kidney was frozen. After thaw
ing, renin was extracted as previously described.2 0 

Tissue renin activity was measured by radioimmuno
assay of angiotensin I generated by incubation with 
an excess of rat renin substrate. 

Statistics Data are expressed as mean ± SD. Com
parison between groups (sham, clipped, or un
dipped) was made using the one-way analysis of 
variance (ANOVA) with modified t tests using the 

Bonferroni correction. Statistical significance was de
fined as Ρ < .05. 

RESULTS 

Characterization of the Disease Rats underwent 
placement of a clip on one renal artery and were eval
uated at 6 weeks for development of hypertension. 
Four of the 12 rats found to be hypertensive (SBP 
>180 mm Hg) had necrotic clipped kidneys and, 
therefore, were excluded from the study. Mean SBP 
for the last 5 weeks of the study in the remaining 
eight rats (238 ± 48 mm Hg) was significantly higher 
than in control, sham-operated rats (140 ± 6 mm Hg). 

In the early phases of hypertension in the two-
kidney, one-clip model renin is increased in the hy-
poperfused (clipped), and suppressed in the hyper
tensive (undipped), kidney. 2 1 To confirm that this 
process was operative in our rats, the juxtaglomerular 
renin content at 11 weeks was assessed in both 
clipped and undipped kidneys using a monoclonal 
antibody to renin (Figure 1), and tissue renin levels 
were calculated for clipped, undipped, and control 
kidneys. These results are summarized in Table 1 and 
demonstrate that renin production was significantly 

FIGURE 1. Representative juxtaglomerular renin staining in 
undipped (a) and clipped (b) kidneys of rats with Goldblatt hy
pertension. Renin staining in clipped kidneys occasionally ex
tended from the afferent arteriole into the glomerulus (x630). 
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TABLE 1. ASSESSMENT OF TISSUE RENIN 

Immunostaining for 
Kidney Juxtaglomerular Renin* 

Tissue Renin 
(ng AI/h/g tissue) 

Sham 
(n = 6) 26.8% (±11.3) 470.0 (±187.3) 

Clipped 
(n = 8) 47.3% (±6.1)t 1506.6 (±790.1)11 

Undipped 
(n = 8) 8.9% (±7.9)t 86.4 (±76.7)** 
Al, angiotensin I. 
*Reported as percent positive of total glomeruli counted per biopsy 

SD. 
fP < .001 compared with sham. 
£P < .001 compared with sham and clipped. 
f P < .05 compared with sham. 
**P < .05 compared with sham and clipped. 

elevated in clipped kidneys compared with sham, but 
significantly suppressed in undipped kidneys. Taken 
together, these data strongly suggest an All-driven 
state. 

By light microscopy (periodic acid-Schiff stain), glo
meruli of undipped hypertensive kidneys were often 
hyalinized and occasionally had areas of focal seg
mental glomerulosclerosis (Figure 2) . Microaneu
rysms and intraluminal thrombi were rarely present, 
although dilated glomerular capillary loops were 
common in most specimens. Bowman's capsule was 
thickened and frequently surrounded by mild peri-
glomerular fibrosis in rats with higher mean SBPs. 
Synechiae were seen infrequently. Tubulointerstitial 
changes included tubular dilatation ranging in degree 
from mildly increased luminal diameter to massively 
dilated tubules with almost complete effacement of 
the tubular cells. Almost all biopsies of undipped kid
neys contained dilated tubules, although biopsies 

FIGURE 2. Periodic acid-Schiff stain of an undipped kidney of 
a hypertensive (mean SBP >200 mm Hg) Goldblatt rat showing 
tubular dilatation and formation (narrow arrow), and dense focal 
interstitial infiltrates of mononuclear cells (wide arrow) (xlOO). 

demonstrating the most dilated tubules and tubular 
casts were seen in rats with the most severe hyper
tension (SBP >200 mm Hg). In addition, dense focal 
interstitial mononuclear cellular infiltrates were 
noted, especially in areas of tubular damage, in 
rats with severe hypertension. Tubular architecture 
in the regions of infiltrating cells was often dis
rupted. In contrast, rats with less severe hyperten
sion (SBP <200 mg Hg) had only mild interstitial 
infiltrates. 

Glomeruli from clipped kidneys appeared normal 
by light microscopy. Occasional low-grade mononu
clear cellular infiltrates were seen in interstitial areas. 
With the exception of one kidney, no tubular dilation, 
disruption, or casts were seen. 

Proliferation Cell proliferation was quantitated by 
immunostaining tissue sections for PCNA, a nuclear 
protein that is increased from late G 2 to the M phase 
of the cell cycle. 2 2 The number of glomerular PCNA + 
cells did not significantly differ in sham animals (0.33 
± 0.08) compared with clipped rats (0.24 ± 0.16), 
although a mild, but significant, increase in the num
ber of PCNA + glomerular cells was noted in the un
dipped kidneys (0.81 ± 0.43, Ρ < .05 compared with 
sham and clipped kidneys). In contrast, a dramatic 
increase in PCNA 4- cells was seen in the tubuloin-
terstitium of undipped hypertensive kidneys, com
pared with both clipped and control (Figure 3). Be
cause both tubular and interstitial cell proliferation 
occurred focally, quantitation was difficult. Although 
occasional tubules had one or two proliferating cells, 
other primarily distal tubules were seen in which al
most every cell was PCNA + . In the interstitium, 
mononuclear PCNA + cells were also clustered, fre
quently in zones of injury. Although more tubular 
cell proliferation was seen in clipped kidneys com
pared with sham-operated control kidneys, the pro
liferation was relatively minor and never included en
tire cross sections of PCNA-positive tubules. Foci of 
PCNA + interstitial mononuclear cells were also in
creased in clipped kidneys, but never as large as the 
dense areas in the undipped kidneys. 

Leukocyte Infiltration To determine what popula
tion of cells constituted the dense interstitial infil
trates seen predominantly in the undipped kidneys, 
tissues were stained with specific antibodies to mono
cyte-macrophages and dendritic cells (ED-1), neutro
phils (RP-3), and lymphocytes (OX-22). Glomerular 
monocyte-macrophage counts were similar in sham 
(1.99 ± 0.69), undipped (1.42 ± 0.79), and clipped 
(1.06 ± 0.55) kidneys. However, undipped kidneys 
stained heavily and focally with ED-1 in damaged 
tubulointerstitial regions (Figure 4). All biopsies were 
uniformly negative for RP-3. Lymphocytes were 



AjH-FEBRUARY 1994-VOL. 7, NO. 2 RENAL CELL CHANGES IN GOLDBLATT HYPERTENSION 181 

FIGURE 4. Interstitial monocyte-macrophages are occasionally 
seen in clipped kidneys of Goldblatt rats (a) and sham controls, but 
dense foci are present only in undipped kidneys (b), especially in 
areas of tubular damage (x400). 

FIGURE 3. Immunostaining for the proliferating nuclear cell 
antigen (PCNA) (arrow) in sham control kidneys (a) shows only 
rare positive cells. Tubules and interstitium of clipped kidneys (b) 
have occasional PCNA + cells, whereas frequent areas of damage 
in undipped kidneys (c) have many PCNA+ tubular cells 
(X400). 

noted in rare dense focal groups in the undipped, but 
not clipped, kidneys in interstitial locations. 

To determine whether monocyte-macrophages 
were the proliferating interstitial cells, tissue was 
double immunostained for ED-1 and PCNA. Only 
8.6% of PCNA + cells were double labeled. However, 
b e c a u s e ED-1 may no t l abe l all m o n o c y t e -
macrophage populations, it is possible that some pro
liferating monocyte-macrophages may not have been 
recognized. 

Cytoskeletal Changes Desmin is expressed nor
mally by mesangial cells and the staining in mesan
gial regions in both clipped and undipped kidneys 
was similar to that seen in control animals. However, 
when evaluated using a semiquantitative score, 
desmin staining in glomerular visceral epithelial cells 
was mildly increased in clipped kidneys (0.86 ± 0.29) 
compared with sham controls (0.60 ± 0.45, Ρ < .05), 
but markedly increased in undipped, hypertensive 
kidneys (2.16 ± 0.49, Ρ < .05 compared with sham 
and clipped kidneys) (Figure 5). Desmin was also ex
pressed by cells in the interstitium in areas of tubular 
injury within the undipped kidneys. In contrast, 
α-smooth muscle actin was not expressed to any sig
nificant degree within glomeruli of clipped or un
dipped kidneys (mean glomerular actin score 0.28 ± 
0.23 in undipped ν 0.12 ± 0.09 in clipped kidneys, 
and 0.13 ± 0.03 in sham kidneys). However, staining 
for this actin isoform was markedly increased in a 
population of mesenchymal cells in areas of tubu
lointerstitial damage in a manner similar to desmin 
(Figure 6). 

Fibrosis Staining for types I and IV collagen was 
comparable in the kidneys of control animals and the 
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FIGURE 5. Glomerular desmin staining in predominantly mes
angial regions in clipped kidneys (a) is similar to that seen in sham 
controls. Staining for desmin in undipped kidneys (b) is markedly 
increased, especially in epithelial cell locations (x630). 

clipped kidneys of Goldblatt rats, and was seen in 
periglomerular, tubular, and vascular (types I and IV) 
and intraglomerular (type IV) areas. However, a dra
matic increase of these collagens was noted in the 
interstitium in areas of tubular injury in undipped 
kidneys (Figure 7). 

DISCUSSION 

Recent studies have shown that short-term continu
ous infusion of All rats results in renal cell prolifera
tion and phenotypic changes. 6 In doses causing hy
pertension, All induced tubular and interstitial cell 
proliferation, de novo mesangial cell and interstitial 
cell expression of the vascular smooth muscle-
associated actin isoform, α-smooth muscle actin, and 
upregulation of the intermediate filament protein, 
desmin, by glomerular visceral epithelial cells. 

It could not be determined from these previous 
studies whether the proliferative and phenotypic 
changes resulted from hypertension caused by All or 
from nonhemodynamic effects of AIL Elevated blood 
pressure has been reported to have trophic2 3 2 4 or mi
togen ic 1 1 , 2 5 effects on vascular smooth muscle cells. 
Crane and Dutta 2 6 have demonstrated similar mito-

FIGURE 6. Staining for α-smooth muscle actin is positive only 
in blood vessels of sham or clipped kidneys (a), but is dramatically 
increased in undipped kidneys (b). Expression of this actin iso
form represents a phenotypic change and is seen in focal areas of 
undipped, but not clipped, kidneys. A similar tubulointerstitial 
staining pattern is seen for desmin (x400). 

genie effects on glomerular and tubular cells in rats 
with All-independent deoxycorticosterone acetate 
(DOCA) salt-induced hypertension. In addition, in
direct evidence for the proliferative effects of hyper
tension has been provided by studies in both All-
dependent and independent models of hypertension 
in which administration of various classes of antihy
pertensive drugs prevented rise in both systemic 
blood pressure and vascular smooth muscle cell DNA 
synthesis. 1 1 Indeed, it has been suggested that DNA 
synthesis in these cells correlates with the rate of the 
rise, rather than the peak, of blood pressure. 2 7 

However, All itself has been reported to be mito
genic for a variety of cells in culture under certain 
conditions. In vitro studies have demonstrated pro
liferative effects of All on human neonate and juve
nile aortic smooth muscle cel ls , 2 8 and human fetal 1 0 

an transformed murine 2 9 mesangial cells. Evidence 
for the mitogenic role of All in vivo has also been 
provided by studies showing inhibition of vascular 
smooth muscle cell proliferation after balloon catheter 
injury in rats treated with a specific All receptor 
antagonist. 3 0 
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FIGURE 7. Immunostaining for collagen type IV (arrow) in 
clipped kidneys (a) and sham controls is seen in the tubular base
ment membrane, but is markedly increased in areas of tubuloint
erstitial damage and fibrosis in undipped kidneys (b) (x400). 

We, therefore, attempted to separate the hemody
namic from nonhemodynamic effects of All on renal 
cell proliferation and phenotypic changes by study
ing the two-kidney, one-clip Goldblatt model in rats 
in which circulating renin and All levels are known to 
be elevated and in which one kidney (ie, the un
dipped kidney) is exposed to systemic pressures, 
whereas the other, clipped kidney is effectively pro
tected. Although we did not measure All levels, it is 
known that renal tissue levels of All are elevated in 
both clipped and undipped kidneys at 7 and 25 
days. 3 1 Therefore, the evidence that our model was 
All dependent is indirect, but it is suggested by the 
immunostaining for renin, as well as tissue renin 
levels, both of which are significantly increased in 
the clipped kidney, but suppressed in the undipped 
kidney. 

In our study, dramatic tubular and interstitial cell 
proliferation was seen primarily in the undipped, hy
pertensive kidney. A small increase in tubular cell 
proliferation was seen in the clipped, nonhyperten-
sive kidneys, and is consistent with the mild stimu
latory effect of All on other cell t y p e s . 1 0 ' 2 8 , 2 9 This mi
togenic effect could be mediated by the All receptors 
shown to reside on tubular cel ls , 3 2 and is in contrast 

to in vitro findings that have shown no mitogenic 
effects of All on murine proximal tubular cells. 8 Al
though our results do not rule out a potentiating role 
for All, as has been shown with epidermal growth 
factor on cultured proximal tubular ce l l s , 9 , 3 3 the dra
matic increase in tubular cell proliferation seen only 
in unprotected kidneys suggests that it is mainly 
through its hemodynamic effects that All mediates 
proliferation. 

These results are at variance with those of Cantin et 
a l 3 4 who also examined proliferative changes in an 
All-mediated model of hypertension induced by par
tial ligation of the aorta between the two renal arter
ies. Examination of the left, nonhypertensive kidney 
revealed little glomerular cell proliferation, but 
marked proliferation of inner cortical (and to a lesser 
extent, medullary) tubules as detected by autoradiog
raphy. However, their kidneys were ischemic and 
showed marked atrophy. In contrast, we excluded 
kidneys with apparent evidence of ischemia or atro
phy, in the belief that this would be a confounding 
variable. 

Similar to the tubular and interstitial cell prolifera
tive changes, increased glomerular visceral epithelial 
cell desmin expression, the only dramatic glomerular 
finding in our study, was likewise upregulated pri
marily in the unprotected kidney, whereas its expres
sion in mesangial cells was unchanged in all three 
groups. Although normally a marker for muscle-
derived cells, desmin has been shown to be variably 
present in glomeruli visceral epithelial c e l l s , 1 2 ' 3 5 , 3 6 

and to be increased in these cells in several different 
experimental models of glomerulonephritis. 3 7 The 
observation that increased desmin expression in glo
merular epithelial cells occurred primarily in the un
dipped, but not clipped, kidneys emphasizes the im
portance of the hypertensive effects of AIL Indeed, 
one might postulate that desmin expression in the 
glomerular epithelial cell marks an adaptive response 
to the epithelial cells to increased glomerular pressure 
or stretch-mediated shape changes induced by glo
merular hypertension. Although desmin expression 
in glomerular epithelial cells was increased in both 
the present and previous s t u d y , 6 g lomerular 
α-smooth muscle actin expression was not increased 
in our model. It is possible, however, that such glo
merular phenotypic modulation, unlike that seen in 
the tubulointerstitium, occurred early and resolved 
before biopsy at 11 weeks. 

Traditionally, the majority of interstitial cells in the 
renal cortex and outer medulla have been thought to 
be fibroblasts,3 8 but in at least two models of renal 
injury they have been shown to express smooth mus
cle-associated proteins. 6 , 3 9 The finding of de novo 
expression of the muscle-related proteins desmin and 
α-smooth muscle actin by interstitial cells in un-
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clipped kidneys in this study may represent transi
tion of these cells to a myofibroblast state, as has been 
suggested for renal interstitial cells in animals infused 
with AIL 6 Interstitial fibroblasts have been shown re
cently to express the ß-subunit of the platelet-derived 
growth factor receptor. 4 0 This suggests a mechanism 
by which activated interstitial fibroblasts may be stim
ulated to proliferate, which could lead to increased 
collagen production and eventual fibrosis. 

Angiotensin II has been demonstrated to increase 
the expression of collagen type I in culture murine 
mesangial, and collagen type IV in murine proximal 
tubular, cells in vi t ro . 9 ' 2 9 However, in vivo, the im
portance of the pressor effects of All are further un
derscored by the increased expression of types I and 
IV collagen in the renal interstitium in hypertensive, 
but not protected, kidneys. Such changes of fibrosis 
were also reported in rats made hypertensive by All 
infusion. 6 In both models of All-mediated hyperten
sion, kidneys exposed to high pressures were also 
infiltrated by monocyte-macrophages, which is of in
terest as macrophages are known to express a large 
number of vasoactive substances, cytokines, and 
growth factors, 4 1 including platelet-derived growth 
factor, basic fibroblast growth factor, and transform
ing growth factor-ß. These cytokines might then act 
directly or in concert with All to stimulate tubular 
and interstitial cells to proliferate or produce extracel
lular matrix. 

These data are consistent with the hypothesis that 
the hemodynamic effects of All are necessary for the 
tubular and interstitial cell proliferative and pheno
typic changes in this experimental model. We recog
nize that it is possible that the hemodynamic manip
ulations may also affect other regulatory or counter-
r e g u l a t o r y fac to rs tha t cou ld c o n f o u n d the 
interpretation of the study. Unfortunately, there is no 
way to separate the hemodynamic from the nonhe-
modynamic effects of All without affecting blood 
flow. However, two important findings emerge from 
this study. First, significant tubulointerstitial injury 
occurs in the undipped hypertensive kidneys, with 
tubular cell proliferation, interstitial cell proliferation 
and phenotype change, macrophage infiltration, and 
collagen deposition. This is important given previous 
observations that tubular and interstitial injury is crit
ical in the progression to renal failure in a variety of 
renal diseases.42""*5 Second, despite very high levels 
of tissue renin (and probably All), the clipped kid
neys were morphologically normal and had minimal 
proliferative or phenotypic changes in the intersti
tium. Therefore, this study suggests that in this 
model of injury, All in the absence of hypertension 
has only minimal effect in the initiation and progres
sion of the tubulointerstitial changes characteristic of 
chronic renal injury. 
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